The genome sequence of Lactobacillus sakei 23K has revealed that the species L. sakei harbors several genes involved in the catabolism of energy sources other than glucose in meat, such as glycerol, arginine, and nucleosides. In this study, a screening of 15 L. sakei strains revealed that arginine, inosine, and adenosine could be used as energy sources by all strains. However, no glycerol catabolism occurred in any of the L. sakei strains tested. A detailed kinetic analysis of inosine and adenosine catabolism in the presence of arginine by L. sakei CTC 494, a fermentedmeat starter culture, was performed. It showed that nucleoside catabolism occurred as a mixed-acid fermentation in a pH range (pH 5.0 to 6.5) relevant for sausage fermentation. This resulted in the production of a mixture of acetic acid, formic acid, and ethanol from ribose, while the nucleobase (hypoxanthine and adenine in the case of fermentations with inosine and adenosine, respectively) was excreted into the medium stoichiometrically. This indicates that adenosine deaminase activity did not take place. The ratios of the different fermentation end products did not vary with environmental pH, except for the fermentation with inosine at pH 5.0, where lactic acid was produced too. In all cases, no other carbon-containing metabolites were found; carbon dioxide was derived only from arginine catabolism. Arginine was cometabolized in all cases and resulted in the production of both citrulline and ornithine. Based on these results, a pathway for inosine and adenosine catabolism in L. sakei CTC 494 was presented, whereby both nucleosides are directly converted into their nucleobase and ribose, the latter entering the heterolactate pathway. The present study revealed that the pentose moiety (ribose) of the nucleosides inosine and adenosine is an effective fermentable substrate for L. sakei. Thus, the ability to use these energy sources offers a competitive advantage for this species in a meat environment.
Lactobacillus sakei is the most prevalent lactic acid bacterium (LAB) species encountered in spontaneously fermented sausages, which demonstrates its competitiveness in and adaptation to the meat environment (7, 11, 22, 31, 32) . Accordingly, its use as a starter culture for meat fermentation is widespread (22) . Meat is a rich substrate, allowing the growth of several bacteria, not only LAB but also spoilage and pathogenic bacteria (2, 21) . However, the variety of carbohydrates in fresh meat is relatively restricted and their amounts are limited, with glucose being the main fermentable carbohydrate present in a concentration below 0.1 mg g Ϫ1 (1, 2, 17) . To effectively cope with this environment, the flexible use of all available energy sources and nutrients in meat is of importance.
The genome sequence of L. sakei 23K has revealed that the species L. sakei evolved through its adaptation to the meat environment (2) . For example, L. sakei lacks most genes encoding the biosynthesis of amino acids. Meat, which provides an environment rich in amino acids because of the activity of endogenous proteases, therefore is an ideal substrate for this LAB species to thrive. In this sense, the use of arginine through the arginine deiminase (ADI) pathway shows an interesting property, as this pathway results in the production of extra ATP and ammonia, which increases the competitiveness and acid tolerance of the producing strain, respectively (5) . As a result, improved survival for L. sakei in the stationary growth phase is obtained (5, 30) .
Besides glucose and arginine, other energy sources are present in meat, such as nucleosides, which can reach a concentration twice the concentration of glucose (2, 6) . Also, the genome sequence of L. sakei 23K has revealed several genes involved in nucleoside catabolism (2) . For instance, L. sakei 23K harbors genes coding for nucleoside transporters, adenosine deaminase (releasing inosine and ammonia), nucleoside hydrolase (releasing a nucleobase and ribose), and nucleoside phosphorylase (releasing a nucleobase and ribose-1-phosphate), enzyme activities that all finally result in the production of ribose-5-phosphate that enters the heterolactate pathway. In this way, nucleosides may provide an extra source of fermentable carbohydrate (ribose) in the meat environment, further illustrating the adaptation of L. sakei to meat (2, 6) . Furthermore, triglycerides present in the meat fat could be hydrolyzed to glycerol as a fermentation substrate by means of endogenous meat enzymes or lipases from Staphylococcus species naturally present or deliberately added (22, 27) . Again, the genome sequence of L. sakei 23K has revealed the presence of glycerolcatabolizing enzymes as well as a specific glycerol transporter (2) . In addition, the increased expression of the glycerol-3-phosphate dehydrogenase in L. sakei has been shown to be temperature dependent (23) . However, the effective use of glycerol for the growth of L. sakei has not yet been shown.
Until now, the capability of L. sakei to effectively use alternative energy sources in meat has been largely ignored. Only a preliminary growth experiment in a complex medium, prepared without glucose and supplemented with inosine and adenosine, has suggested the nucleoside-degrading capability of L. sakei 23K (2) . In general, the metabolism of these substrates has been studied mainly for spoilage bacteria in, for instance, raw fish (12, 26, 36, 46) . However, as the concentrations of these compounds exceed the amounts of glucose and ribose present in meat, the understanding of the metabolism of these energy sources could help to unravel the role they play in competitiveness and survival of L. sakei in meat environments.
During the last decade, the fermentation properties of L. sakei CTC 494, an isolate from Spanish spontaneously fermented sausage (13, 20) , have been studied extensively (19, 20) . Based on its strong competitiveness as a starter culture for meat fermentation (28) , its ADI pathway has been studied in detail and shown to play a functional role in the absence of glucose (30) . The aim of the present study was to evaluate the contribution of energy sources naturally present in meat (in casu glycerol, inosine, and adenosine) in the presence of arginine to the growth of L. sakei CTC 494. Furthermore, the kinetics of the conversion of inosine and adenosine and the simultaneous conversion of arginine into its end products were studied as a function of environmental pH relevant for sausage fermentation.
MATERIALS AND METHODS
Strains, media, and growth conditions. Fifteen L. sakei strains, isolated from different fermented food products, were used during this study. Several strains of meat origin were used: L. sakei CTC 494, an isolate from Spanish artisan fermented sausage (13); L. sakei 23K (4) and L. sakei F2P1 and FCP1 (belonging to the laboratory collection of IMDO), isolates from French fermented sausages; and L. sakei 706, an isolate from a German fermented sausage (33) . Also, some industrial meat starter cultures were applied in this study: L. sakei SA201-1, SA241-1, and Texel Lyoflore 2 M (Danisco, Copenhagen, Denmark); L. sakei BioAgro SA8-100 M (C. Hansen, Hørsholm, Denmark); and L. sakei 2MA4, an isolate from an unspecified cacciatore starter culture (28) . In addition, some strains originating from other fermented food products were used: L. sakei CG1, an isolate from a spontaneous wheat sourdough laboratory fermentation (29) ; L. sakei 329, 481, and 614, isolates from a spontaneous leak fermentation (belonging to the laboratory collection of IMDO); and L. sakei R366, an isolate from a Romanian mixed-vegetable fermentation (belonging to the laboratory collection of IMDO). All L. sakei strains were stored at Ϫ80°C in de Man-Rogosa-Sharpe (MRS) medium (Oxoid Ltd., Basingstoke, Hampshire, United Kingdom) supplemented with 25% (vol/vol) glycerol as a cryoprotectant (8) . The authenticity of these strains was determined through 16S rRNA gene sequencing. All strains were used for the screening experiments, whereas L. sakei CTC 494 was used for the fermentation experiments as well.
The media used in this study are listed in Table 1 . Solid MRS medium was prepared by adding 1.5% (wt/vol) agar (Oxoid) to MRS broth (Oxoid).
Screening experiments on small scale. A screening was set up to investigate the capabilities of the 15 L. sakei strains to catabolize glycerol, inosine, and adenosine. Therefore, these strains were grown in glass bottles containing 100 ml of mMRS1, mMRS2, and mMRS3 media, respectively. For the L. sakei CTC 494 and 23K strains, a glycerol-containing chemically defined medium (GCDM) was used too. All media were adjusted to pH 6.5 before sterilization (121°C, 2.1 bar, 20 min). All incubations were carried out in a standard incubator at 30°C for 24 h.
Fermentation experiments on large scale. Batch fermentations were carried out in 15-liter Biostat C fermentors (Sartorius AG/B, Braun Biotech International, Melsungen, Germany) containing 10 liters of the appropriate modified MRS medium. The pH of the medium was adjusted to the desired value prior to sterilization. The fermentor was sterilized in situ at 121°C and 2.1 bar for 20 min. The fermentation temperature was kept at 30°C. During fermentation, the pH of the medium was kept constant through the automatic addition of a 10 M NaOH and a 5 M HCl solution to the fermentation medium. The stirring speed was fixed at 100 rpm to keep the medium homogeneous. No aeration was applied. Temperature, pH, and agitation were controlled online (Micro MFCS for Windows NT software; Sartorius AG). The inoculum was prepared through three subcultures of the strain under study in the appropriate modified MRS medium for 12 h each. The first two subcultures were carried out in 10 ml of the appropriate modified MRS medium, followed by a third subculture in 100 ml of this medium. The transfer volumes were always 1% (vol/vol).
Two fermentations in mMRS4 and mMRS5 medium, respectively, with free pH, starting at an initial pH of 5.5, were carried out to assess L. sakei CTC 494 growth and the catabolism of arginine plus inosine or adenosine, respectively. Fermentations in mMRS4 and mMRS5 medium at different constant pH values (pH 6.5, pH 5.5, and pH 5.0), relevant for sausage fermentation, then were carried out to study the influence of pH on growth and arginine-plus-inosine or adenosine catabolism, respectively. A fermentation in mMRS6 medium (containing ribose) at pH 6.5 was performed to characterize the metabolic end products. Two fermentations in mMRS7 and mMRS8 medium, respectively, then were carried out to assess the influence of glucose on the catabolism of inosine or adenosine in the presence of arginine at pH 5.5. Finally, a fermentation in mMRS4 medium (containing arginine and inosine) at pH 6.5 was performed anaerobically by continuously sparging the medium with nitrogen gas (Air Liquide, Paris, France), and the online monitoring of the carbon dioxide produced ensured the complete coverage of all metabolites produced. All fermentations were carried out in duplicate; the results and figures presented are representative for both fermentations. For data modeling, the whole data set was plotted on a single graph and fitted simultaneously.
Analysis of growth and metabolites. During the screening and fermentation experiments, samples were regularly withdrawn for the determination of cell counts and concentrations of all metabolites under study.
(i) Determination of cell counts. Cell counts (in CFU) were obtained by plating 10-fold serial dilutions of the samples in saline (0.85% [wt/vol] NaCl solution) on MRS agar and incubating at 30°C for 24 h. Every measurement was performed on three independent samples. The errors of the measurements are represented as standard deviations.
(ii) Determination of arginine, citrulline, and ornithine concentrations. Concentrations of arginine, citrulline, and ornithine were determined using a Waters 2695 liquid chromatograph coupled to a Quattro Micro mass spectrometer (Waters Corp., Milford, MA) as described previously (30) . All quantifications were carried out through standard addition; the original sample concentrations with corresponding errors were calculated as described previously (45) .
(iii) Determination of glycerol, glucose, and ribose. Concentrations of glycerol, glucose, and ribose were determined by high-performance anion-exchange chromatography (HPAEC) with pulsed amperometric detection (PAD). Briefly, an ICS3000 chromatograph with a CarboPac MA1 column (Dionex, Sunnyvale, CA) was used. The mobile phase, at a flow rate of 0.40 ml min After centrifugation (16,060 ϫ g for 15 min), the supernatants were diluted 10 times, filtered (0.2-m filters; Minisart high-flow; Sartorius AG, Göttingen, Germany), and injected (10 l) into the column. The concentrations in the original samples were calculated as described previously (44) .
(iv) Determination of inosine, adenosine, hypoxanthine, and adenine concentrations. Concentrations of inosine, adenosine, hypoxanthine, and adenine were determined using high-performance liquid chromatography (HPLC) with UV detection. To this end, a Waters chromatograph (Waters Corp.) was used, equipped with a 486 UV detector, a 600S controller, a column oven, a 717plus autosampler, and a GraceSmart RP 18 5u column (Grace, Deerfield, IL). The mobile phase, at a flow rate of 1.0 ml min
Ϫ1
, consisted of a 20 mM ammonium acetate solution in ultrapure water with 10% methanol (eluent A) and pure methanol (eluent B). The following gradient was used: 0.0 min, 100% eluent A and 0% eluent B; 15.0 min, 85% eluent A and 15% eluent B; 16.0 min, 100% eluent A and 0% eluent B; and 20.0 min, 100% eluent A and 0% eluent B. The column was kept at a constant temperature of 18°C. Detection was performed by measuring the absorption at 260 nm. To remove proteins from the samples, 700 l of two-times-diluted supernatants were mixed with 700 l of a 20% (wt/vol) trichloroacetic acid (TCA) solution. After centrifugation (16,060 ϫ g for 15 min), the supernatants were filtered (0.2-m filters; Minisart high-flow; Sartorius AG) and injected (30 l) into the column. Calibration was performed with external standards. Samples were analyzed in triplicate, and the results are represented as averages of these three independent measurements. The errors of the measurements are represented as standard deviations.
(v) Determination of lactic acid and acetic acid concentrations. Concentrations of lactic acid and acetic acid were determined by HPLC with a Waters chromatograph (Waters Corp.) as described previously (44) . Samples were analyzed in triplicate, and the results are represented as averages from these three independent measurements. The errors from the measurements are represented as standard deviations.
(vi) Determination of formic acid, oxaloacetic acid, malic acid, fumaric acid, and succinic acid concentrations. The concentration of formic acid in the fermentation samples was determined using HPAEC with conductivity under ion suppression (CIS), using an ICS 3000 chromatograph (Dionex) equipped with an AS-19 column (Dionex). The mobile phase, at a flow rate of 1.0 ml min After centrifugation (16,060 ϫ g for 15 min) the supernatants were diluted five times, filtered (0.2-m filters; Minisart high-flow, Sartorius AG), and injected (10 l) into the column. The concentrations in the original samples were calculated as described previously (44) . Also, HPAEC-CIS was used to evaluate the presence of oxaloacetic acid, malic acid, fumaric acid, and succinic acid qualitatively.
(vii) Determination of ethanol, diacetyl, 2,3-butanediol, and acetoin concentrations. The concentrations of ethanol in the fermentation samples were measured by gas chromatography (GC) using a Focus gas chromatograph (Interscience, Breda, The Netherlands) equipped with a Stabilwax-DA column (Restek, Bellefonte, PA), a flame ionization detector (FID), and an AS 3000 autosampler as described previously (18) . The quantification of the ethanol concentrations was performed using external calibration. Samples were analyzed in triplicate, and the results represent averages from these three independent measurements. The errors from the measurements are represented as standard deviations. Also, GC was used to evaluate the presence of diacetyl, 2,3-butanediol and acetoin qualitatively.
(viii) Determination of carbon dioxide. Gas analysis (carbon dioxide production) of the fermenter gas effluents of the anaerobic fermentations were determined online by gas chromatography (CompactGC; Interscience) as described previously (9) .
Carbon recovery. Carbon recoveries (CRs; expressed in percentages) for the nucleoside fermentations were calculated by dividing the total amount of carbon recovered from the metabolites by the total amount of carbon present in the ribose units of the nucleosides.
Data modeling. Primary modeling describing bacterial growth, inosine and adenosine conversion, the excretion of hypoxanthine and adenine, the production of organic acids, and the conversion of arginine into citrulline and ornithine through the ADI pathway by L. sakei CTC 494 was performed using the mathematical equations presented in Table 2 .
The equations from Table 2 were fitted to the experimental data with the numerical software package Athena Visual Studio. The biokinetic model parameters were determined using a multiresponse approach by minimizing the determinant criterion as the fitting objective (41) . All parameters are shown with their corresponding 95% highest posterior densities.
RESULTS
Screening for glycerol, inosine, and adenosine catabolism by various Lactobacillus sakei strains. None of the 15 L. sakei strains tested consumed glycerol when grown in mMRS1 medium for 24 h. Similarly, no growth occurred in GCDM for any of the strains after 48 h of incubation.
All 15 L. sakei strains tested were capable of growing in mMRS2 medium and mMRS3 medium, containing a nucleoside as the sole added energy source, and reached final cell counts of approximately 8.5 log (CFU ml Ϫ1 ). All strains were able to consume inosine to depletion, whereas only a portion of the adenosine was used (residual concentration of approximately 5 mM). During inosine catabolism, hypoxanthine was excreted into the mMRS2 medium stoichiometrically for all strains tested. Likewise, a stoichiometric concentration of adenine was found in the mMRS3 medium when strains were catabolizing adenosine.
Kinetics of arginine plus inosine or adenosine catabolism by Lactobacillus sakei CTC 494 during batch fermentations with free pH. When L. sakei CTC 494 was grown in mMRS4 medium, growth started without lag phase (Fig. 1A and B) . Although no inosine catabolism took place initially, the first growth resulted in small amounts of lactic acid (4.35 Ϯ 0.10
NUCLEOSIDE CATABOLISM BY L. SAKEI CTC 494 6541 mM), causing a slight pH drop. After 6 h of growth, inosine and arginine catabolism started and resulted in an increase of the pH (until pH 6.53 was reached) due to ammonia production through the ADI pathway. Arginine conversion resulted in the production of ornithine and small amounts of citrulline. After 12.5 h of fermentation all arginine was depleted, which was followed by a further conversion of citrulline into ornithine. The catabolism of inosine resulted in the production of a mixture of acetic acid (14.4 Ϯ 2.2 mM), formic acid (8.2 Ϯ 1.2 mM), ethanol (1.33 Ϯ 0.01 mM), and lactic acid (5.6 Ϯ 0.1 mM). This resulted in a decrease of the pH down to 6.03 after 12.5 h of fermentation, at which time all inosine was depleted. Also, inosine catabolism resulted in a stoichiometric excretion of hypoxanthine (12.4 Ϯ 0.3 mM) into the mMRS4 medium.
The fermentation with adenosine as the sole added energy source (mMRS5 medium) showed a pattern similar to that of the fermentation with inosine ( Fig. 1C and D) , although the stationary growth phase was reached after 24 and 16 h, respectively. Growth started without a lag phase and resulted initially in the production of only lactic acid with a concomitant small decrease of the pH (from pH 5.51 to 5.40). The catabolism of adenosine and arginine started simultaneously, albeit only after 20 h of fermentation. Adenosine and arginine were completely consumed after 48 and 24 h of fermentation, respectively. Again, a mixture of acetic acid (16.9 Ϯ 1.3 mM), formic acid (4.2 Ϯ 1.8 mM), ethanol (0.32 Ϯ 0.002 mM), and lactic acid (7.2 Ϯ 0.5 mM) was produced. Furthermore, during the catabolism of adenosine, adenine (10.4 Ϯ 0.1 mM) was ex- Ethanol production was not modeled, as only the ethanol concentrations of end samples were measured. X, cell counts of the growing population (CFU ml Ϫ1 ); X max,R and X max,N , maximum cell counts (CFU ml Ϫ1 ) on residual carbohydrates and nucleosides, respectively; , lag time (h); max,R and max,N (either max,In or max,Ao ), maximum specific growth rate (h Ϫ1 ) on residual carbohydrates and nucleosides, respectively; ͓In͔, ͓Ao͔, ͓Hx͔, and ͓Ai͔, concentrations (mM) of inosine, adenosine, hypoxanthine, and adenine, respectively; k In and k Ao , specific rate constants (mM ͓h CFU ml ) for the production of lactic acid, acetic acid, and formic acid, respectively, produced from the nucleosides inosine or adenosine; ͓Arg͔, ͓Cit͔, and ͓Orn͔, concentrations (mM) of arginine, citrulline, and ornithine, respectively; and k AC (M h CFU ml creted into the fermentation medium stoichiometrically while no hypoxanthine was found. The production of this mixture of acids resulted in a decrease of the pH down to 6.0 after all arginine was depleted. The CRs of these fermentations with free pH were 86.62 and 86.28% in the presence of inosine and adenosine, respectively.
Influence of pH on arginine and inosine catabolism by Lactobacillus sakei CTC 494. The pH, an important environmental factor during sausage fermentation, had a pronounced effect on the catabolism of inosine as well as on the ratio of the end products formed during this catabolism through fermentation in mMRS4 medium (Fig. 2) . At constant pH 6.5, 5.5, and 5.0, a first growth of 8.5, 10, and 13 h, respectively, was found with modeled maximum specific growth rates of residual carbohydrates ( max,R ) of 1.25 Ϯ 0.28 h Ϫ1 , 0.52 Ϯ 0.07 h Ϫ1 , and 0.64 Ϯ 0.12 h Ϫ1 , respectively. During this fermentation period, only lactic acid was produced; inosine was not degraded. Afterwards, the catabolism of arginine and inosine started simultaneously for all pH conditions tested. During the catabolism of arginine and inosine, a further increase of the cell counts was found to reach final values of approximately 8.9 log (CFU ml Ϫ1 ). This growth was characterized by modeled maximum specific growth rate on inosine ( max,In ) values of 0. 44 ). For the fermentation at pH 6.5, arginine conversion resulted in the production of both citrulline and ornithine. Once all arginine was depleted, a further conversion of citrulline into ornithine occurred. For the fermentations at pH 5.5 and 5.0 ( Fig.  2D and F) , only small amounts of citrulline were measured, and thus arginine was almost exclusively converted into its end product, ornithine. The catabolism of inosine resulted in the production of acetic acid and formic acid (yield coefficients for the production of acetic acid (Fig. 3) . This concentration remained constant for the rest of the fermentation time for all pH conditions tested. Arginine and adenosine catabolism started si- on October 15, 2017 by guest http://aem.asm.org/ multaneously after 12 h of fermentation in the case of the fermentations at pH 6.5 and after 18 h of fermentation in the case of the fermentations at pH 5.5 and 5.0. Arginine conversion followed a pattern similar to that during the fermentations with inosine as an added energy source; arginine was converted into both citrulline and ornithine. For the fermentations at pH 6.5, a further conversion of citrulline into ornithine was found after all arginine was depleted, whereas for the fermentations at pH 5.5 and 5.0 only small amounts of citrulline could be measured. Adenosine catabolism was much slower than the catabolism of inosine for all pH conditions tested (pH 6. Ϫ1 at pH 6.5, 5.5, and 5.0, respectively). The CRs of these fermentations were 82.69, 68.60, and 103.49% at pH 6.5, 5.5, and 5.0, respectively.
Kinetics of arginine and ribose catabolism by Lactobacillus sakei CTC 494. When L. sakei CTC 494 was grown in mMRS6 medium, growth started after a lag time of 4 h (Fig. 4) . Ribose catabolism started after 8 h of fermentation and resulted in the production of both lactic acid (19.89 Ϯ 0.28 mM) and acetic acid (22.23 Ϯ 0.81 mM) according to the heterolactic catabolism of this pentose. Arginine conversion resulted in the production of both citrulline and ornithine. When all arginine was depleted, no further conversion of citrulline into ornithine took place, and thus a constant ratio of the concentrations of citrulline to ornithine remained in the fermentation medium (Fig. 4B) .
Influence of glucose on the catabolism of inosine and adenosine by Lactobacillus sakei CTC 494. As glucose is usually the main fermentable carbohydrate present in sausage fermentations, the influence of glucose on the catabolism of inosine and adenosine was studied in mMRS7 and mMRS8 media, respectively. For those fermentations, growth started without a lag phase with a concomitant catabolism of glucose (Fig. 5) . Glucose catabolism resulted in the production of lactic acid solely, in accordance with the facultative heterofermentative metabolism of L. sakei CTC 494. Once all glucose was depleted, the catabolism of arginine plus inosine or adenosine started simultaneously. Arginine catabolism resulted in the production of both citrulline and ornithine ( Fig. 5B and D) . After all arginine was depleted, a further conversion of citrulline into ornithine was obtained. The catabolism of inosine and adenosine resulted in a similar mixture of end products compared to the fermentations at pH 6.5 without glucose, namely, acetic acid (13.76 Ϯ 0.24 and 16.38 Ϯ 0.53 mM for the fermentations with inosine and adenosine, respectively), formic acid (10.02 Ϯ 1.26 and 9.63 Ϯ 0.07 mM for the fermentations with inosine and adenosine, respectively), and ethanol (0.99 Ϯ 0.09 and 1.80 Ϯ 0.02 mM for the fermentations with inosine and adenosine, respectively). For both nucleosides, the nucleobase (hypoxanthine and adenine) was excreted stoichiometrically into the fermentation media (12.07 Ϯ 0.39 mM hypoxanthine for the fermentation with inosine and 8.51 Ϯ 0.75 mM adenine for the fermentation with adenosine). Finally, CRs of 74.29 and 88.84% were obtained for the fermentations with inosine and glucose and the fermentations with adenosine and glucose, respectively.
Anaerobic fermentation of Lactobacillus sakei CTC 494. The measurements of all pyruvate metabolites mentioned above still indicated an incomplete carbon balance. However, the analysis of end samples of all fermentations revealed no other potential metabolites, such as the pyruvate metabolites diacetyl, acetoin, and 2,3-butanediol, glycerol as a possible sidebranch of glycolysis, and the reductive-branch Krebs cycle metabolites oxaloacetic acid, malic acid, fumaric acid, and succinic acid. Therefore, an anaerobic fermentation with the online measurement of carbon dioxide was carried out. The anaerobic fermentation of L. sakei CTC 494 in mMRS4 medium at pH 6.5 resulted in a pattern of end products (Fig. 6 ) similar to that of the fermentations at pH 6.5 in the same medium, which were not carried out anaerobically ( Fig. 2A and  B) . Growth started without lag phase and resulted in an initial increase of lactic acid solely (2.02 Ϯ 0.92 mM). Inosine and adenosine catabolism started simultaneously after approximately 6 h of fermentation. The catabolism of arginine resulted in the production of both citrulline and ornithine. Further- more, 17 mM carbon dioxide was produced, which corresponded to the production of 1 mol carbon dioxide per mol arginine converted through the ADI pathway. This suggested that all carbon dioxide was produced through ADI activity; no carbon dioxide was produced through pyruvate metabolism via the catabolism of ribose. In the latter case, again a mixture of acetic acid (13.86 Ϯ 0.59 mM), formic acid (12.09 Ϯ 0.21 mM), and ethanol (2.53 Ϯ 0.03 mM) was produced. Finally, the catabolism of inosine resulted in a stoichiometric excretion of hypoxanthine in the fermentation medium (10.65 Ϯ 0.28 mM). The CR of this anaerobic fermentation was 78.59%, indicating an unknown flow of carbon. As the catabolism of inosine and adenosine always resulted in a stoichiometric excretion of hypoxanthine and adenine, respectively, whereby the ribose unit was always metabolized intracellularly into a mixture of acetic acid, formic acid, and ethanol, and based on the genomic data of L. sakei 23K (2), a metabolic scheme different from that based on the genome-scale model of L. sakei 23K (2) is proposed for nucleoside catabolism by L. sakei (Fig. 7) .
DISCUSSION
Meat is a rich but carbohydrate-poor substrate for microorganisms (17) . Therefore, it has been suggested that the effective survival of L. sakei in meat is mediated through the versatile use of energy sources other than glucose, such as glycerol, arginine, and nucleosides (2, 30) . Genes encoding enzymes responsible for the catabolism of these energy sources are present in the genome of L. sakei 23K (2). However, in the present study it was shown for the first time that no glycerol catabolism took place in any of the L. sakei strains tested, including L. sakei 23K. Likewise, the genome-scale metabolic model prediction for the growth of L. plantarum WCFS1 on glycerol as an energy source has not been confirmed during any growth experiment (35) . Glycerol catabolism by L. sakei has been suggested before, as the glycerol transporter glycerol 3-phosphate dehydrogenase and glycerol kinase genes have been annotated for the genome of L. sakei 23K (2, 17, 23) . Furthermore, when a cold or salt stress is imposed on L. sakei 23K, increased gene expression of the glycerol 3-phosphate dehydrogenase gene has been observed (23) . A recent proteomic study of 10 L. sakei strains has shown higher expression of glycerol kinase and glycerol 3-phosphate dehydrogenase upon ribose supplementation (25) . All of these findings suggest an involvement of glycerol in phosphatidic acid biosynthesis to maintain the membrane integrity rather than its catabolism for energy generation (23) .
Another potential energy source in meat is provided by nucleosides, in particular inosine and adenosine, resulting from the degradation of muscle ATP by endogenous meat enzymes (2, 6) . In the present study, all L. sakei strains tested were able to grow on and degrade inosine and adenosine as the sole energy sources in the appropriate modified MRS media (without glucose). No differences in the degradation capacity of these substrates among the various strains tested were found. However, a wide phenotypic and genotypic heterogeneity regarding structural and metabolic properties within strains of L. sakei has been reported before (3, 24) . Inosine consumption resulted in the excretion of hypoxanthine in the fermentation medium, whereas for adenosine conversion, adenine and not hypoxanthine was released into the medium. This indicates that adenosine is not first converted into inosine, as has been proposed before (2) . A complete recovery of hypoxanthine in the medium also occurs in the case of Bacillus cereus NCIB 8122 when grown on inosine as the sole energy source (15, 40) . This was also the case for L. lactis and B. subtilis strains, which do not grow on inosine and adenosine as the sole energy sources (16, 34) . These findings have been attributed to a lower expression level of the genes encoding the transporter proteins involved in nucleoside uptake (34) .
The kinetic analysis of the catabolism of inosine and adenosine in combination with arginine by L. sakei CTC 494 revealed efficient inosine and adenosine degradation in a pH region relevant for sausage fermentation. The catabolism of arginine plus inosine or adenosine always started simultaneously, after the cell culture had achieved a certain critical biomass and before the stationary growth phase was reached. The slight pH decline at the start of the fermentations could have been due to the presence of small amounts of background carbohydrates that always preceded the actual conversion of inosine, adenosine, or arginine. Growth on inosine appeared to be faster than growth on adenosine, suggesting a preference of the strain for inosine over adenosine. Arginine conversion through the ADI pathway occurred and responded similarly to environmental pH as in MRS medium without glucose or nucleosides (30) , indicating that arginine conversion through the ADI pathway was not affected by the presence of nucleosides. In brief, the ratio of end products was dependent on the environmental pH, with a higher citrulline-to-ornithine ratio near the pH optimal for growth. Furthermore, the intermediate citrulline was further converted into ornithine after all arginine was depleted. Inosine and adenosine were converted into a mixture of acetic acid, formic acid, and ethanol under all conditions. The molar ratios of these fermentation end products did not vary with the environmental pH, except for the fermentation with inosine at pH 5.0, where lactic acid was produced too. The production of formic acid suggests the involvement of the enzyme pyruvate formate lyase, for which the encoding gene is present in the genome of L. sakei 23K (2). The prevailing anaerobic conditions support this observation. Step 1, nucleoside transporter; 2, nucleoside phosphorylase; 3, nucleoside hydrolase; 4, phosphoketolase; and 5, pyruvate formate lyase.
A change to a mixed-acid fermentation has been observed before and has been linked to a reduction of the glycolytic rate (39) . For example, reduced growth rates and a semistarved cell status, caused by either substrate limitation or the nature of the substrate, alters cellular enzyme activity toward the energygaining pyruvate formate lyase flow, whereby extra ATP is generated through the action of an acetate kinase (10, 37-39, 42, 43) . The conversion of adenosine resulted in the stoichiometric excretion of adenine, whereas the fermentations with inosine resulted in stoichiometric hypoxanthine excretion. Based on these findings, it can be suggested for the first time that the degradation of adenosine in all L. sakei strains tested occurred through the action of an adenosine hydrolase or phosphorylase. No adenosine deaminase activity occurred, as was predicted by the genome-scale model of L. sakei 23K (2) and as experimentally shown for Bacillus spp. and Escherichia coli (14, 15, 40) . When glucose was added to the growth medium in combination with adenosine or inosine, the catabolism of these nucleosides started after all glucose was depleted, suggesting carbon catabolite repression as a regulatory mechanism involved in nucleoside catabolism by L. sakei. This has been shown for Bacillus spp. and E. coli strains as well (40) , underlining that ribonucleosides are carriers of ribose as fermentable carbohydrates for all of these bacterial species when free carbohydrates are lacking.
For the first time, the importance of inosine and adenosine for L. sakei was demonstrated during fermentations in media with these nucleosides as the sole energy sources. Moreover, it was shown that glycerol could not be used as the sole energy source. Furthermore, nucleoside catabolism was shown to occur in a pH region relevant for sausage fermentation. This resulted in the production of a mixture of acetic acid, formic acid, and ethanol, while the nucleobase (adenine and hypoxanthine) was not used and hence excreted into the medium too. This suggests that the pentose moiety of adenosine and inosine was utilized intracellularly to sustain cell energy requirements. In this sense, inosine and adenosine may well be considered carriers of carbohydrates for L. sakei and thus offer an additional competitive advantage to this species in the meat environment. The capability to use nucleosides may contribute to the rational selection of appropriate starter cultures for meat fermentations.
